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INTRODUCTION
The genus Micromonospora has a complex developmental cycle in which a monopodially branched mycelium, divided at intervals by cross-walls, develops from one asexual spore. On this mycelium sessile spores or spores on short sporophores are produced, either singly or in pairs; under appropriate conditions, these germinate and repeat the cycle. This developmental cycle is of interest as a simple model of a process of cellular differentiation. Germination is the process of converting a dormant spore into a metabolically active vegetative form and includes changes in the morphology, physiology and biochemistry of the resting structure. The physiological characteristics of the process in actinomycetes are well established in species of the genus Streptomyces (Attwell & Cross, 1973; Ensign, 1978 ; Hardisson et al., 1978; Mikulik et al., 1977) . There have beenno studiesof germination in species of the genus Micromonospora which includes several antibiotic synthesizers.
This paper deals with the physiological and biochemical changes which take place during the germination of spores of Micromonospora chalcea.
METHODS
Strain and culture conditions. Micromonospora chalcea ATCC 12542 was grown for 20 d at 28 "C in 250 ml flasks containing 75 ml GAE solid medium [consisting of ( %, w/v) : K2HP04, 0.05; MgSO, .7H20, 0.05; FeSO4.7H,O, 0.001; glucose, 1; asparagine, 0.1; yeast extract, 0.05; agar, 21.
Influence of physical and chemical agmts on germination. Spore suspensions were prepared as described previously (Hardisson et al., 1978) . Freshly harvested spores were germinated in 10 ml GAE liquid medium in 100 ml flasks at 35 "C and 200 rev. min-l in a Gallenkamp orbital incubator. The influence of temperature, pH, nutrients and inhibitors on germination were tested as described previously (Hardisson et al., 1978) . To follow the process of germination, the percentage of spores in different morphological stages was determined using a Thoma chamber and variations in the absorbance of the spore suspensions were measured.
Suspensions were adjusted to about 4 x loa spores ml-l (A580 = 0.3).
Decimal reduction time (D-value) . Portions (1 ml) of a spore suspension in water in sealed glass ampoules (A580 = 0.3) were separately heated at temperatures ranging from 75 to 90 "C. At 5 min intervals, up to 30 min, samples were removed, iapidly cooled, and numbers of survivors were counted by plating. The slope of the survival curve at each temperature was used to determine the decimal reduction time @-value), i.e. the time required for the number of survivors to decrease by a factor of 10. To determine the heat resistance of spore suspensions at different temperatures, the 2-value was calculated as the change in temperature necessary to change the D-value by a factor af 10 (Gould, 1971) .
Respiratory measurements. Oxygen determinations and cytochrome oxidase and catalase activities were measured in an YSI model 53 Biological Oxygen Monitor equipped with a Clark oxygen electrode (Yellow Springs Instruments Co., Yellow Springs, Ohio, U.S.A.) as described previously (Hardisson et al., 1978) , except that the spore suspension contained 4 x loa spores ml-l.
Rate of synthesis and totaZ amount of macromolecules. The rates of synthesis of RNA, protein and DNA were determined by measuring the incorporation of labelled precursors into trichloroacetic acid-precipi table macromolecules during germination as described previously (Hardisson et al., 1978) . The total amounts of macromolecules were determined using 60 ml suspensions containing 4 x lo8 spores ml-l. Samples were taken every 60 min for 8 h. Extraction procedures were as described previously (Hardisson et ul., 1978) . DNA was assayed using the diphenylamine method (Burton, 1956) , RNA was determined by the orcinol method (Schneider, 1957) and protein was measured by the Lowry method.
RESULTS
Spore resistance to temperature and staining by basic dyes Dormant spores of M. chalcea showed considerably higher heat resistance than vegetative forms. They were completely resistant to temperatures below 75 "C, but above this temperature, small increases produced great decreases in viability (Fig. 1) . The resistance of the spores to temperature was established from the thermal reduction curve obtained by plotting the different decimal reduction times against temperature : by this method a Z-value of 12.5 "C was obtained. Heat resistance was completely lost during darkening. Dormant spores were not stained by basic dyes such as methylene blue; spore darkening was accompanied by an increase in sensitivity to stains with a good correlation between the number of dark and stainable spores.
Morphological, absorbance and dry weight changes during germination Dormant spores of M . chalcea appeared bright with a distinct dark margin. When placed in conditions favourable for germination they became completely dark with a maximum after about 2 to 3 h incubation ( Table 1 ). The darkening of spores was accompanied by a 30 to 35 % decrease in the absorbance of the spore suspension (Fig. 2) . The spores then began to swell, reaching a diameter of 130 to 140 % of the initial value after about 5 h incubation. Germ tubes began to emerge after about 6 h incubation. As a consequence of swelling and germ tube emergence, the absorbance of the suspension increased linearly after 3 h incubation. The dry weight of the spores did not change until after about 5 h germination when outgrowth occurred ( -t Germ tube at least as long as the diameter of the swollen spore.
as a consequence of the active biosynthesis accompanying germ tube appearance and growth. About 10 % of the spores did not germinate in these conditions. spores with germ tubes increased proportionally with time ( Fig. 3 a) giving straight lines, the slopes of which corresponded to the different rates of germination. The minimum time required for 50 % of the spores to produce germ tubes was chosen as a measure of the germination; the representation of these values (Fig. 3 b) shows that the optimum temperature was between 35 and 45 "C with a maximum at about 40 "C and with germination limits between 22 "C and 45 "C. Efect of pH. Optimum germination of M . chalcea spores was obtained at pH 8.0 and the limits for germination were pH 6.0 and pH 10-0. Below pH 4.0 there was a marked lysis of the spores. Different buffers at the same pH had a similar effect on the germination: citrate or phosphate buffers at pH 6.0, and TrislHCl and phosphate buffers at pH 8.0 were tested.
Efect of physical and chemical agents on germination
Eflect of nutrients and inhibitors. Micrornonospora chalcea spores did not initiate germination in distilled water or in 0.1 M-sodium phosphate buffer (pH 7.0). Separate addition of cations such as Mg2+, Kf and Fe2+ at 0.001 % (w/v) final concentration, or suspension in 0.1 M-potassium phosphate buffer (pH 7.0), resulted in a darkening of spores, swelling of about 30 % of them and formation of germ tubes by about 12 % ( Table 2 ), indicating that dormant spores must contain reserve substances. The results were similar when the salts of GAE medium were used. Respiratory inhibitors such as sodium azide (5 m), potassium cyanide (2.5 mM), EDTA (1.25 mM) and 2,4-dinitrophenol (0.5 mM) completely inhibited spore darkening ; on the other hand, inhibitors of macromolecular synthesis (rifampicin, actinomycin D, streptomycin or mitomycin C, each at 5 pg ml-l) did not affect darkening. Spore swelling was increased when glucose was added to the salts medium, but nitrogen plus salts had no effect ( Table 2) . Inhibitors of RNA synthesis prevented the swelling of spores and those of protein synthesis retarded it. Germ tube emergence needed both exogenous carbon and nitrogen sources; ammonium was a better nitrogen source than nitrate ( Table 2 ). The effect of adding 12 different carbon compounds at 1 % (w/v) final concentration to the salts of GAE medium plus (NH&SO, (0.2 %, w/v) was tested.
Six of these compounds (lactose, galactose, mannitol, sucrose, raffinose, maltose and melibiose) gave similar results to glucose (germ tubes grew from about 50 % of the spores after 8 h incubation), whereas with starch, cellobiose, xylose, arabinose and fructose, few or no germ tubes were formed. Seventeen L-amino acids (0-2 %, w/v) were also tested as sole nitrogen sources. Those giving a higher number of germ tubes than GAE salts plus glucose were alanine, proline, leucine, isoleucine, glutamic and aspartic acid. Addition of glycine, threonine, arginine, cysteine, phenylalanine, asparagine, serine, methionine, tryptophan, cystine and histidine did not modify the results obtained in GAE salts plus glucose.
When yeast extract (0-1 %, w/v) was added to the salts of GAE medium, germination occurred as in GAE.
Qoa, cytochrome oxidase and catalase activities during germination All these activities reached a maximum after about 5 h incubation (Fig. 4) coinciding with maximum number of swollen spores ( Table 1) . Germ tube emergence was accompanied by a decrease in all these activities.
Synthesis of macromolecules
The synthesis of macromolecules was determined by incorporation of exogenous labelled precursors (Fig. 5 a) and by chemical methods (Fig. 5 b) . synthesis was RNA, protein and finally DNA. Synthesis of RNA, measured by [3H]uridine incorporation, started after about 80 min incubation, and initially was high (Fig. 5a) . Protein synthesis, measured by [3H]leucine incorporation, showed two different slopes ; the lower one started after 200 min incubation and lasted until 400 min, and then a second, more active, period occurred during germ tube emergence (Fig. 5a) . The incorporation of [SH]thymine in DNA started after 300 min incubation (Fig. 5a) . Measurement of synthesis of macromolecules by chemical methods gave similar results except for slight lag periods, which were probably due to the lower sensitivities of the methods (Fig. 5b) . The rate of synthesis of macromolecules was also determined by pulse-labelling experiments. The synthesis of RNA (Fig. 6a) showed two stages. During the first, the incorporation rate increased until about 300 min, the time at which the number of swollen spores reached a maximum. The second stage started during germ tube emergence and showed maximal and constant rates of incorporation. No more than 6 % of the available label was incorporated during this experiment. Protein synthesis (Fig. 6 b) occurred at different rates. Initially the rate was low and constant but after 400 min it increased linearly. DNA synthesis started after about 320 min, the time at which outgrowth began, and soon reached constant values.
Efect of inhibitors on macromolecular synthesis during germination
When added at the onset of germination, rifampicin (5 pg ml-l) immediately prevented the incorporation of label into all three macromolecules; streptomycin (5 pg ml-1) and mitomycin C (5 pg ml-l) both immediately inhibited protein and DNA synthesis but [3H]uridine incorporation was not blocked until 140 to 160 min after their addition (Fig. 7) . Similar results were obtained when the antibiotics were added at different times during germination. 
Germination of spores of M. chalcea

DISCUSSION
During germination, Micromonospora chalcea spores pass through three morphological stages -darkening, swelling and germ tube emergence -as has been reported for Streptomyces (Attwell & Cross, 1973; Ensign, 1978; Hardisson et al., 1978; Kalakoutskii & Agre, 1976) . The spores of M. chalcea appeared highly refractile and had characteristic properties of a dormant cell, such as a very low Qo,, higher heat resistance than the vegetative form and impermeability to basic dyes. These properties could be due to an extreme dehydration of the cytoplasm which may be explained by a mechanism similar to the hypothesis of the expanded cortex for endospores (Gould & Dring, 1975) . The dormant spore of M. chalcea exhibits a large thickening of the inner layer of the wall (Hardisson & Suhrez, 1979) . Several features of M . chalcea spore germination were similar to those of S. antibioticus spores (Hardisson et al., 1978) . These included nutritional requirements for germination, effects of inhibitors and the sequence of macromolecular synthesis. However, the process was considerably slower in M . chalcea. Spore darkening was accompanied by a loss of refractility and a decrease in absorbance. The requirements for darkening and the properties of the spores at this stage were basically similar to those found in S . antibioticus (Hardisson et al., 1978) . Activation treatments such as heating, freezing and ultrasonication had no effect on spore germination. Therefore M . chalcea could be included in the group of organisms with an exogenous dormancy (Kalakoutskii & Agre, 1976; Sussman & Halvorson, 1966) . Once the spores had darkened they began to swell, requiring an exogenous supply of energy, such as glucose. However, a nitrogen source was not required. Swollen spores showed the highest cytochrome oxidase, catalase and respiratory activities. A similar pattern has been observed in other actinomycetes (Hardisson et al., 1978 ; Kalakoutskii & Pouzharitskaja, 1973) . Swelling was dependent on new RNA synthesis, inhibitors such as rifampicin or actinomycin D completely blocking germination at this stage. The same results were obtained with S. antibioticus spores (Hardisson et al., 1978) , but not with S. granaticolor (Mikulik et al., 1977) , where rifampicin only blocked germ tube emergence. Protein synthesis that started during swelling must have aided it, because swelling was retarded by the addition of streptomycin. Mitomycin C , which rapidly inhibits [3H]leucine incorporation, had a similar effect. Furthermore, this protein synthesis was independent of the supply of any external nitrogen source. Similar results were found in S. antibioticus (Hardisson et al., 1978) .
Germ tube emergence was dependent on both carbon and nitrogen sources, and during this stage dry weight increased linearly. DNA synthesis started at this stage after about 300 min incubation, and soon reached constant values. The apparent delay between the low initial rate of synthesis and the later constant and higher rate could be due to a lack of synchronization of the germinating spore population. Initiation of DNA synthesis also coincides with outgrowth in dormant cells of many other bacteria, such as Bacillus (Steinberg & Halvorson, 1968), Azotobacter (Loperfido & Sadoff, 1973) and Streptomyces (Hardisson et al., 1978) .
The sequence of macromolecular synthesis during the germination of M . chalcea spores was RNA, protein and DNA. A similar pattern of synthesis has been observed during the germination of Bacillus endospores (Kobayashi et al., 1965) , Azotobacter cysts (Loperfido & Sadoff, 1973) and Streptomyces spores (Hardisson et al., 1978) . With respect to the effect of inhibitors of macromolecular synthesis, it may be emphasized that mitomycin C , a specific inhibitor of DNA replication (Iyer & Szybalsky, 1963) , and streptomycin had a similar effect in all the situations tested. This could be explained by the fact that mitomycin C may have a direct effect on protein synthesis by acting on the ribosomes, as was shown in Escherichia coli (Suzuki & Kilgore, 1967) .
